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High-resolution angle-resolved photoemission spectra from Ni„100…:
Matrix element effects and spin-resolved initial and final state bands
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We have carried out extensive one- and three-step angle-resolved photoemission spectroscopy~ARPES!
intensity computations on Ni~100! within the band theory framework based on the local spin-density approxi-
mation. The results show a good overall level of accord with the recent high-resolution ARPES experiments on
Ni~100! which probe the majority- and minority-spinS1 band along theG-K direction near the Fermi energy
(EF), uncertainties inherent in our first-principles approach notwithstanding. Theki and energy dependencies
of various spectral features are delineated in terms of the interplay between changes in the initial- and final-
state bands and the associated transition matrix elements. The remarkable decrease observed with decreasingki
in the ARPES intensity of the majority-spinS1 band as it disperses below theEF as well as an enhanced spin
polarization of the photoemitted electrons from theEF is shown to arise from the presence of a band gap in the
final-state spectrum.
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I. INTRODUCTION

Recent advances in energy and momentum resolutio
angle-resolved photoemission experiments have made i
creasingly possible to probe a wider range of problems
volving the electronic and magnetic structures of mater
via this technique. In this connection, Ni is of interest n
only as an archetype magnetic system, but also becaus
and its alloys are attractive in magnetoelectronics appl
tions due to their interesting magnetoresistive proper
driven by differences in the behavior of majority and mino
ity electrons in the vicinity of the Fermi energy.1 These con-
siderations as well as an intrinsic interest in understand
magnetic phenomena in general have motivated nume
theoretical and experimental investigations of Ni and
alloys.2–10

With this backdrop in mind, our purpose in this article
to confront first-principles theoretical predictions of the sp
resolved photointensities in Ni~100! with the corresponding
experimental measurements. Specifically, we consider
very recent high-resolution angle-resolved photoemiss
spectroscopy~ARPES! study of Ref. 8 which investigates th
majority and minority spinS1 bands along theG-K direction
in the Brillouin zone ~BZ! by using 44 eV photons an
shows dramatic variations withki in the spectral intensity o
the majority band and a substantially enhanced spin polar
tion of the photoemitted electrons from theEF . To this end,
we have carried out extensive one-step11–15 as well as
three-step16–23ARPES computations from Ni~100! by simu-
lating the conditions of Ref. 8 with respect to the energy a
polarization of the incident light and other experimental p
rameters. Note that, although the one-step approach prov
a more satisfactory description of the photoemission p
cess, the fact that the processes of excitation, transport,
ejection of the electron are treated as a single quant
0163-1829/2002/66~23!/235107~10!/$20.00 66 2351
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mechanical event tends to make it somewhat difficult
identify the origin of specific features in the computed sp
tra. In contrast, the three-step model handles different af
mentioned components of the photoemission process s
rately, and therefore, it more easily allows insight into ho
spectra are connected with ingredients such as the initial-
final-state bands and the transition matrix elements which
into the three-step computation explicitly. Accordingly,
keeping with the focus of this article on trying to understa
the nature and origin of various ARPES features, much
our analysis invokes the three-step results, although the
step calculations yield similar conclusions.

An outline of this article is as follows. The introductor
remarks are followed in Sec. II with comments on the me
odology used. Although the formulation of the one- a
three-step models is well described in the literature, for
purposes of analyzing the roles of the initial- and final-st
bands and the transition matrix elements, we use a some
simplified three-step approach which is outlined. Section
goes over computational issues. The results are prese
and discussed in Sec. IV which is subdivided into four pa
Section IV A undertakes a direct comparison between
computed and measured ARPES spectra from Ni~100!. Sa-
lient features of the initial- and final-state bands and the tr
sition matrix elements are discussed in Section IV B. T
then allows us to proceed in Section IV C with the analy
of the various observed features in the spectra including
ki and energy dependencies of the majority and mino
band intensities. Section IV D delineates changes in the c
acter of the initial states over theki and energy region of
interest. Finally, Sec. V summarizes the conclusions of t
study. The Korringa-Kohn-Rostoker~KKR! formulation of
the momentum matrix element for a general lattice is giv
in the Appendix and will be useful in analyzing ARPES i
tensities in complex materials along the present lines.
©2002 The American Physical Society07-1
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II. METHODOLOGY

In the one-step model of photoemission,11,12 which we
have recently extended to consider arbitrarily complex u
cell materials,13–15 the angle-resolved photointensity fro
initial states at energyE is given by

I ~E,hn,ki!52
1

p
Im^kiuG2

1~E1hn!DG1
1~E!D†

3G2
2~E1hn!uki&, ~1!

where ki is the component of the measured free-elect
final-state momentum parallel to the surface andG2 andG1
are the retarded~1! and advanced~2! one-electron Green
functions.D5e\/2mc(p•A1A•p) is the interaction Hamil-
tonian in terms of the vector potentialA of the incident pho-
ton field at energyhn and the electron momentum operat
p. As already pointed out, the three-step model16–24 is of
interest in interpreting spectral features. To this end, Eq.~1!
can be cast in the spirit of the three-step model to obtain
photointensitywithin the solid as22

P~E,hn!}(
f ,i

s E dku^C f
suDuC i

s&u2Af
s~E1hn!Ai

s~E!,

~2!

in terms of thebulk initial- and final-state wave functionsC i
and C f and the one-particle spectral functionsAi and Af .
The superscripts is the spin index. A form more suitable fo
obtaining ARPES spectra is

I ~E,hn,ki!} (
k'PBZ

(
f ,i

s

Q~vf•n!M f ,i
s ~ki ,k'!2

3
S f9

@E1hn2Ef
s~ki ,k'!#21S f9

2

3
S i9

@E2Ei
s~ki ,k'!#21S i9

2
~3!

where the crystal momentumk is decomposed into compo
nentski andk' parallel and perpendicular to the crystal su
face, respectively. The summation is limited tok' values in
the first BZ. M f ,i

s (ki ,k')[uA•^C f
supuC i

s&u is the photo-
emission matrix element wherein the polarization of the
cident light field is taken into account. The formalism f
evaluatinĝ C f

supuC i
s& is outlined in the Appendix. The ste

function Q(vf•n) restricts the transitions to only those
which the photoelectron~with group velocityvf) is traveling
towards the surface~with normaln). The finite lifetimes of
the initial and final states are described by replacing the s
tral functionsAi and Af by Lorentzians via the imaginar
parts of the initial- and final-state self-energiesS i9 andS f9 .

It should be noted that Eq.~3! does not describe the tran
port and ejection of the photoelectron through the surf
properly. However, the similarity between the one-step a
three-step results~see Sec. IV A below! indicates that over
the relatively smallki and energy ranges considered in th
article, these contributions do not vary rapidly. In any eve
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our use of Eq.~3! is meant largely to gain insight into th
ARPES spectra which we have computed as well within
one-step framework. One aspect of Eq.~3! is particularly
noteworthy. For a given crystal momentumk, the Bloch
wave function of the excited electron,C f(k,r )
5(Guf ,k,Ge(k1G)•r, in general, contains umklapp contribu
tions from plane waves with momentak1G, for all
reciprocal-lattice vectorsG. The ARPES experiment o
course measures only plane waves with a specificki deter-
mined by the solid angle of the detector and the kinetic
ergy of the outgoing electron. The so-calledprimary cone
contribution to the ARPES spectrum will arise from the co
ponents of the final-state wave function withGi50.25 Pho-
toelectrons withGiÞ0 momentum components must un
dergo an umklapp scattering process in order to reach
detector; intensity of suchsecondary conephotoelectrons is,
therefore, highly reduced.25 In the specific case considere
here, this constraint can be adequately included in the th
step calculations by restricting thek' summation in Eq.~3!
appropriately; the specifics are discussed in Sec. IV B bel
More generally, however, one would need to match the fin
state wave function to a plane-wave expansion,20,26,27in or-
der to select the appropriate primary cone electron beam

III. COMPUTATIONAL DETAILS

The spin-polarized electronic structure of Ni was first o
tained self-consistently using the semirelativistic KKR ban
structure scheme where exchange-correlation effects are
corporated within the local spin-density~LSD! approxima-
tion;28,29 for details of our KKR methodology for metals an
alloys, see Refs. 30–32. The fcc lattice constant of a56.594
a.u. was determined by minimizing the total energy. Se
consistency cycles for the crystal potential were repeated
til the difference between the new and old potentials was
than 0.1 mRy so that a high degree of convergence
achieved. Since we require final states as high as;60 eV
above the Fermi level,l max54 cutoff was used. The evalu
ation of the energy distribution curves~EDC’s! was next car-
ried out for ki along the @011# direction over the range
0.5– 1.1 Å21 in steps of 0.025 Å21. The input to the one-
step computations in this connection mainly consists of
crystal potential and various relevant experimental para
eters such aski and photon energy.

We outline some further details of the three-step calcu
tions as follows. For this purpose, at any givenki , initial-
and final-state bands and wave functions were compu
over a dense mesh along thek' direction of step size
0.0045 Å21 extending to the BZ boundaries. With this info
mation, the momentum matrix elements were computed
all relevant transitions using the formulas outlined in t
Appendix. The EDC’s were then obtained by carrying out t
k' integration in Eq. ~3!. The particular experimenta
ARPES setup of Ref. 8 implies specific constraints on
allowed initial and final states. First, since the detector lies
the @01̄1# mirror plane, the final state must possess even p
ity with respect to this plane in order to be observable33

Second, the experiment employsp-polarized light such that
the electric-field vector also lies in this mirror plane. It ca
7-2
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HIGH-RESOLUTION ANGLE-RESOLVED . . . PHYSICAL REVIEW B66, 235107 ~2002!
then be shown that only initial states with even parity w
respect to the mirror plane can be excited. For the ener
andki values of interest in this article this reduces possi
initial states to the minority and majorityS1 states in the
vicinity of the EF . The aforementioned constraints ha
been incorporated in the computed spectra.

Several sets of one- and three-step computations ove
40–47 eV photon energy range were carried out. With
certainties of a few eV’s with respect to the final-state en
gies inherent in the first-principles computations, and the
that the results forhn543 eV seem to be the most represe
tative of the experimental spectra of Ref. 8, all theoreti
one- and three-step results shown in this article are forhn
543 eV. The broadening parameters used for the final
initial states areS f951.0 eV andS i950.05 eV. The choice of
S i950.05 eV is in line with the observed widths of th
ARPES peaks in the high-resolution spectra of Ref. 8.34 The
valueS f951.0 eV, however, is more tricky and this point
discussed further in Sec. IV C below. Finally, we note th
the self-consistent LSD potential for Ni yields an exchan
splitting of 0.48 eV for theS1 d band at theG point which is
well known to be too large by about a factor of 2.35 We have
attempted to correct this by rigidly shifting our minority sp
potential such that the aforementioned exchange splittin
reduced to 0.21 eV atki50.875 Å21 ~the point where the
minority spin band crosses theEF) which is close to the
corresponding experimental value of 0.23 eV.

IV. RESULTS AND DISCUSSION

A. Comparison between experimental and theoretical ARPES
spectra from Ni„100…

Figure 1 presents theoretical three-step ARPES spe
over aki range along@011# comparable to the measuremen
of Ref. 8 and displays a good overall level of accord betwe
theory and experiment. In particular, the computed spec
much like the experimental results, display the rapid atte
ation of the majority band as it disperses below theEF ,
while the intensity of the minority band stays more or le
constant. At theEF , the calculated minority band intensity

FIG. 1. Theoretical~three-step! and experimental majority~↑!
and minority~↓! ARPES intensities for emission from theS1 band
in Ni~100! for ki along the@011# direction are compared in gra
scale plots; black denotes highs. Experimental results are ta
from Ref. 8. Zero of energy is the Fermi energy,EF .
23510
es
e

he
-

r-
ct
-
l

d

t
e

is

tra

n
a,
-

s

correctly predicted to be significantly smaller than that of t
majority band. These characteristics can also be seen f
the theoretical EDC’s given in Fig. 2 for a number ofki
values. On a more quantitative level, the computed majo
band intensity decreases by 60% aski decreases by
0.25 Å21 below the Fermi momentum. The computed m
jority to minority intensity ratio atEF of 1.7 compares well
with the experimental ratio of 1.8.36

On the other hand, as expected, the Fermi surface~FS!
radii and the dispersion of the majority- and minority-sp
bands are not given correctly by the theory, representing
well-known limitations of the LSD approximation.35,37 The
computed majority and minority FS radii ofk↑50.95 Å21

and k↓50.875 Å21 in Fig. 1 are smaller than the corre
sponding experimental values of 1.08 Å21 and 0.96 Å21,
respectively. Similarly, the theoretical dispersion is abo
twice as large as the measured one. The theoretical exch
splitting ~in momentum! at EF , Dk5k↑2k↓50.075 Å21, is
smaller than the experimental valueDk50.12 Å21. These
discrepancies can be ameliorated to varying degrees dep
ing upon the choice of specifics of the computations. F
example, the use of the experimental lattice constant~rather
than the self-consistent LSD value obtained from the to
energy minimization used in this work!, yields larger FS ra-
dii in much better accord with experiment. In this vein, t
computed exchange splitting as well as dispersions co
also be improved by invoking another exchange-correlat
functional in determining the crystal potential. We have c

en

FIG. 2. Theoretical ~three-step! energy distribution curves
~EDC’s! from Ni~100! for ki along the@011# direction forki rang-
ing from 0.50– 0.95 Å21. Spectra have not been convoluted wi
the Fermi function. Majority and minority peaks are marked
arrows.
7-3
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S. SAHRAKORPI, M. LINDROOS, AND A. BANSIL PHYSICAL REVIEW B66, 235107 ~2002!
ried out a number of such test computations and found
the key observations noted in the preceding paragraph
cerning the theoretical spectra are robust to these uncer
ties inherent in the first-principles band theory framework

In connection with our use ofhn543 eV, even though
the ARPES experiments in Fig. 1 are forhn544 eV, we
emphasize that we have made additional computat
around this photon energy which indicate that forhn values
between 42 eV and 43.5 eV the computed spectra are es
tially similar to those of Fig. 1~a!. At photon energies lowe
than 42 eV, the distinctive high-intensity region in Fig. 1~a!
or Fig. 3 moves belowEF for both spins. For hn
.43.5 eV, this intense feature moves aboveEF , while a
new high-intensity region emerges from below. With all th
in mind, and the fact that our first-principles potentials pro
ably do not locate the final states with an accuracy be
than;2 eV, the offset of;1 eV used in our computations i
considered quite reasonable.

Figure 3 considers one- and three-step ARPES intens
over a widerki range and gives insight into the nature
theoretical spectra. The Fermi cutoff has not been inclu
so that the behavior of states aboveEF can be explored. The
one- and three-step results are seen in Fig. 3 to be essen
similar in that both display a region of high intensity with th
intensity diminishing rapidly with decreasingki due to the
presence of a band gap in the final-state spectrum. The
tails of the spectral intensity variations in the two cases
of course somewhat different because in the one-step

FIG. 3. Same as the caption to Fig. 1, except that this fig
shows both the one-step~upper panel! and three-step~lower panel!
theoretical ARPES intensities over a largerki range. Fermi function
is not folded into the spectra. Rectangular box marks the reg
shown in Fig. 1~a!.
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the final states and matrix elements do not enter38 the calcu-
lation in the manner of Eq.~3!. Notably, the one-step com
putation @Fig. 3~a!# shows a pair of surface states with
relatively low intensity lying below the bulk bands which a
absent in the three-step model@Fig. 3~b!# where surface ef-
fects are not included.

Figure 3 emphasizes that the underlying character of
minority and majority band emissions is quite similar in th
both contain the aforementioned region of high intensity. T
main difference is that as a result of the exchange splitti
the region of intense emission moves to a higher energy
the minority band. Therefore, at theEF , emission from the
minority band is weaker compared to that of the major
band and the emitted electron beam is spin polarized. In
way, the rapid attenuation of intensity with increasing bin
ing energy as well as the enhanced spin polarization of p
toemitted electrons reported in Ref. 8 are both a conseque
of the band gap in the final-state spectrum. Interestin
even though the majority and minority bands lose intens
with decreasingki belowEF , both start to gain weight forki
values below'0.6 Å21.

B. Salient features of the final-state bands, relevant
transitions, and associated matrix elements

The right-hand side of the photointensity Eq.~3! makes it
clear that the behavior of the computed ARPES spectra
be controlled by the specifics of the transitions involved a
the associated matrix elements. These aspects of the in
and final states may be delineated with the help of Figs
and 5. The filled circles with varying levels of darkness
Fig. 4 show the final-state bands as a function ofk' for three
typical values ofki and differ considerably from the free
electron final-state bands shown by solid lines in Fig. 4~a! for
reference. Note that these final-state bands apply to the
jority as well as the minority states since the exchange sp
ting for the final states~;0.1 eV! is small compared to thei
broadening~;1 eV!. The relevant initial-state majority an
minority bands lifted by the photon energy~i.e., Ei1hn) are
shown by dot-dashed lines. If the initial- and final-sta
widths related toS i9 andS f9 in Eq. ~3! were infinitesimally
small, then nonzero contributions to photointensity will on
be possible fromk' points where the initial- and final-stat
bands in Fig. 4 intersect. However, for typical values used
the computations~here,S i950.05 eV, S f951.00 eV), states
within a few eV’s ofEi1hn overlap initial states through th
tails of the final-state Lorentzians, and therefore, contri
tions to the photointensity can in principle arise fromall k'

points weighted by the transition matrix elements.
We see from Fig. 4 that for much of theki range of

interest in Fig. 1 when the initial states are raised by
photon energy they lie in a band gap in the final-state sp
trum, although atki50.95 Å21 @Fig. 4~a!# Ei1hn is very
close to the final statef b at k''0. Notably the free-electron
final state related toG5@200# ~i.e., primary cone! crosses
this region, as indicated by the crossed solid line in Fig. 4~a!.
There also are intersection points atk' around60.7 Å21

and at'61.5 Å21; these, however, are not important sin
the former involve secondary cone emissions which

e

n
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HIGH-RESOLUTION ANGLE-RESOLVED . . . PHYSICAL REVIEW B66, 235107 ~2002!
strongly attenuated as noted in Sec. II above, while the la
involve unoccupied states high above theEF .39 Keeping the
remarks of the preceding paragraph in mind, the emiss
arise therefore mainly from the Lorentzian tails of the tw
final-state bandsf a and f b from the k' region aroundk'

50.
But changes in the values of the matrix elements given

the degree of darkness of the final-state dots in Fig. 4 o
the more quantitative plots of Fig. 5 must also be conside
Recall from the discussion of Eq.~3! above that only photo-
electrons traveling towards the surface are relevant; in Fig
thesek' regions are identified by the larger black dots. D
ferent contributions to the photointensity are strongly mo
lated by the momentum dependence of the matrix elem
At k'50, the matrix element for transition to the final sta
f b is seen to decrease as a function of increasingki , whereas
the matrix element tof a increases concomitantly. In fact, th
sum of these two matrix elements remains practically

FIG. 4. Majority-spin final-state KKR band structure~dots! in
Ni ~small exchange splitting of;0.1 eV in final states not shown!
as a function ofk' along@100# for three different values ofki along
@011#. The strength of the matrix elementM f ,S1

s (ki ,k') between
the majority S1 initial-state band and the various final states
depicted by the degree of darkness of the dots. In~a!, solid lines
give the free-electron final states with the primary cone band h
lighted with crosses. Dot-dashed lines give the dispersion of ma
ity ~lower lines! and minority~upper lines! initial-state bands lifted
by the photon energyhn543 eV ~i.e., Ei1hn). The final-state
bandsf a and f b are the most relevant ones for the ARPES spec
analyzed in this work. Fermi level lifted byhn is marked with a
thin dotted horizontal line. The BZ boundaries which differ f
variouski values are marked by thin dotted vertical lines.
23510
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same, indicating that the spectral weight is transferred fr
f b to f a with increasingki . The characteristic features of th
ARPES spectra of Figs. 1–3 can be understood in term
movements of the initial states in relation to the final-st
bandsf a and f b on the one hand, and changes in the mat
elements on the other.

C. Nature and origin of various spectral features

The discussion of the preceding section may be illustra
with the example of the EDC from Ni~100! at ki
50.875 Å21, where the minority-spin band crosses theEF ,
shown in Fig. 6 together with its various components. T
spin-resolved total intensitiesI ↑ and I ↓ arise mainly from
transitionsS1→ f a and S1→ f b . Contributions from other
transitions are quite small and are not shown. Note also
there is a small contribution at the position of the peak
either spin from the tail of the peak of the opposite sp
Referring to Figs. 4~b! and 5~b!, note first that in Fig. 6
contributions from transitions to the final-state bandf a for
the majority~dashed! as well as the minority~dotted! elec-
trons arise mostly from the regionk''0. These two contri-
butions are separated in energy due to the exchange spli
of the initial states; the minority curve possesses a sligh
higher amplitude since the minority band lies closer tof a .

-
r-

a

FIG. 5. Normalized photoemission matrix elemen
M f ,S1

s (ki ,k')2 for transitions fromS1 initial states to the final-state
bandsf b and f a as a function ofk' for three different values ofki .
The larger black dots indicate final states with a positive gro
velocity towards the surface. Thin vertical dotted lines indicate
BZ boundaries as in Fig. 4.
7-5
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S. SAHRAKORPI, M. LINDROOS, AND A. BANSIL PHYSICAL REVIEW B66, 235107 ~2002!
The situation withf b is similar. The lifted initial states, how
ever, lie closer tof b than f a , so that the overall amplitude o
the transitions tof b is higher than tof a . Moreover, the ma-
jority contribution~thin solid! is higher than the minority one
~thin chain! since the majority band lies closer tof b .

The EDC’s at otherki values can be analyzed along th
lines of the preceding paragraph. Although a detailed disc
sion will be repetitious, some comments on theki dependen-
cies of Figs. 2 and 3 are appropriate. Aski decreases in Fig
2 below 0.95 Å21, the majority as well as the minority pea
intensities decrease because the initial states move fu
away from f b as seen in Fig. 4. This is due to the larg
dispersion~as a function ofki) of the final statesf a and f b
compared to the initial states. Although the initial states
the same time move closer tof a , the net contribution from
f a does not change much since the matrix element forf a
decreases simultaneously. Forki values greater than
0.95 Å21 in Fig. 3, the initial ~unoccupied! states begin to
intersectf b and the intensity increases. It is clear then th
the rapid decrease in intensity nearEF in the majority or the
minority band in Fig. 3 results from the presence of a ba
gap betweenf a and f b aroundk'50. Incidentally, forki
values less than 0.6 Å21, one begins to intersectf a and
other final states. Forki values greater than 0.80 Å21 in Fig.
2, the majority feature is more intense than the minority o
since the majority band energetically lies closer tof b .

FIG. 6. Theoretical EDC of Fig. 2 forki50.875 Å21 is shown
decomposed into majority- and minority-spin contributions. F
each spin, contributions fromS1→ f a and S1→ f b are given. See
legend for meaning of various line styles.
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We turn now to address the issue of the final-state wi
~full width at half maximum!, which is given by 2S f9 . For
electron energies around 40 eV, the early results of Ref.
which are based on an analysis of the low-energy electr
diffraction data from Ni suggestS f9'3 eV. Other
studies34,41–43in Cu, including a recent one-step computati
of ARPES spectra for emission from theEF in Cu~100!,44

indicate smallerS f9 values ranging from 1.8 eV to 3 eV. In
this connection, we have carried out extensive simulati
using different values ofS f9 . We find that it is difficult to
obtain the abrupt reduction in the majority-spin band inte
sity seen in the experimental ARPES spectra of Fig. 1~b! for
S f9 values much larger than;1.5 eV. ForS f9;3 eV, the
onset of the band gap in Fig. 1~a! or 3 becomes rather diffus
and the differences between the majority and minority ba
intensities become small. The key parameter here is the v
of S f9 in relation to the size of the final-state gapD: For
S f9,D/2, the final-state gap induces a significant modulat
in the photointensities, but forS f9>D, little variation in in-
tensity occurs when the gap is traversed. The fact that
obtain such a good level of agreement with experiments
ing S f95 1 eV in both one-step and three-step computatio
seems to suggest that the final states involved under the m
surement conditions of Ref. 8 considered in this work p
sess enhanced lifetimes. This is however not clear beca
as already noted, the LSD possesses limitations in descri
the initial-state dispersion and exchange splitting in
ground state. These shortcomings will, if anything, be acc
tuated when it comes to the final-state band gaps and dis
sions. Therefore, our effective value ofS f951 eV may alter-
natively indicate that the final-state gap is underestimated
a few eV’s in our computations. Incidentally, the increase
the lifetime of the photohole with increasing binding ener
is not a significant factor here.45 Further experimental work
to pin down the nature of the final states in Ni would
worthwhile in clarifying this point.

D. ki and k� dependence of initial-state character

The role of the initial-state character in the prese
ARPES spectra bears some comment. For this purpose,
7 gives theki dependence of the spin-polarized band str
ture of Ni for k'50, while Fig. 8 gives thek' dependence
for ki50.875 Å21, together with thes, p, andd weights in
the wave function of theS1 band. The bands of Fig. 8, whic
are along a line offset from the BZ center, should be dist
guished from the more familiar band-structure plots alo
high-symmetry lines in the BZ. We see first that there is lit
difference between the characters of the majority and min
ity states at anyk point. As one moves away from the zon
center, thed character of theS1 band decreases at the e
pense of an increasings-p character. Atki50.95 Å21 in
Fig. 7 where the majority band crosses theEF , S1 states are
still largely d like. Betweenki50 and 0.95 Å21, thed com-
ponent decreases by 6% and over the region of rapid va
tion in the majority ARPES intensity in Fig. 1~a! whereki
increases from 0.80 Å21 to 0.95 Å21, thed component de-
creases by only 3%. Moreover, for theseki values, thed

r

7-6



ta

cte

s
el
e-

te

a
u
se
ie
ig
f.

ex

com-

a

tral
tial
trix

as a

ele-

rgy
e-
the

ons
in

s of

les
ent
lit-

are
ng
one

c-

c
e

ures

hly
the

HIGH-RESOLUTION ANGLE-RESOLVED . . . PHYSICAL REVIEW B66, 235107 ~2002!
character remains large as a function ofk' for both the pri-
mary and secondary cone emission regions shown by rec
gular boxes in Fig. 8 aroundk''0 Å21 and 0.65 Å21; if
anything, the d character increases slightly up tok'

'0.75 Å21. On the other hand, the dispersion and chara
of the final-state bandsf a and f b ~see Fig. 4! vary substan-
tially as a function ofki and/or k' . These consideration
indicate that changes in the initial-state character play a r
tively small role in accounting for those in the matrix el
ments of Fig. 5 or in the ARPES intensities of Fig. 1.

V. SUMMARY AND CONCLUSIONS

We have carried out extensive one-step- and three-s
type ARPES computations on Ni~100! within the spin-
resolved band theory framework using the LSD approxim
tion to treat exchange-correlation effects. Much of o
analysis is based on the three-step calculations for the ea
interpretation, although the one-step computations y
similar conclusions. The results provide considerable ins
into the recent high-resolution ARPES experiments of Re
on Ni~100! which probe the majority- and minority-spinS1
band along theG-K direction near theEF with 44 eV pho-
tons. A good overall level of accord between theory and

FIG. 7. ~a! Majority and minority initial-state bands as a fun
tion of ki along the@011# direction ~i.e., alongG-K-X) at k'50.
The energy is relative to the Fermi energy. Region of theS1 band
shown in Fig. 1~a! is highlighted with the rectangular box.~b! Nor-
malized weights(muCl ,mu2 for different l values whereCl ,m are the
wave function coefficients of theS1 band for angular and magneti
quantum numbersl andm. See legend for meaning of various lin
types. Vertical dotted line marks theki position (0.875 Å21) where
the minorityS1 band crossesEF .
23510
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periment is seen: The one-step as well as the three-step
putations reproduce the dramatic observed variations withki
in the majority band photointensity on the one hand and
relatively smoother variation of theminority intensity on the
other. Theki and energy dependencies of various spec
features are analyzed in terms of the behavior of the ini
and final states and changes in the relevant transition ma
elements. The final states display substantial dispersion
function ofki at a fixedk' or as a function ofk' for a given
ki and possess an energy gap. The associated matrix
ments undergo large variations withki and k' , but the
changes in the character of the initial states over the ene
and momentum region of interest are relatively small. R
markable decrease observed in the ARPES intensity of
majority-spinS1 band as it disperses below theEF as well as
the enhanced spin polarization of the photoemitted electr
at theEF arises primarily from the presence of a band gap
the final-state spectrum under the experimental condition
Ref. 8.

Despite the uncertainties inherent in the first-princip
LSD framework with respect to the dispersion and placem
of the initial- and final-state bands and the exchange sp
ting, and the fact that correlation effects beyond the LSD
undoubtedly at play in Ni, this study shows that by maki
reasonable choices of various computational parameters,

FIG. 8. Same as the caption to Fig. 7, except that these fig
show variations as a function ofk' along@100# with ki held fixed at
0.875 Å21 where the minorityS1 band crosses theEF ~i.e., the
dotted vertical line in Fig. 7!. In ~a!, the box aroundk'50 denotes
the region of primary cone emission, while the other box roug
indicates the region of secondary cone emissions discussed in
text.
7-7
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is able to adduce a good understanding of the ARPES spe
investigated. Notably, our preliminary computations
Ni~110! and Cu~100! reproduce the characteristic differenc
in the intensity variations between Ni~100!, Ni~110!, and
Cu~100! reported by Ref. 8. Further high-resolution ARPE
work along these lines over a wider range of photon ener
andki values would prove valuable in characterizing sing
as well as many-particle aspects of the initial and final sta
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APPENDIX A: KKR FORMULATION OF MOMENTUM
MATRIX ELEMENT FOR A GENERAL LATTICE

It is useful to first cast the standard KKR description f
complex lattices46,47,27into a form wherein the positive an
negative energies are treated on an equal footing. The
wave functionc for a system of nonoverlapping muffin tin
can be expanded in terms of the real spherical harmo
YL(V) as:48

c~r !5(
b,L

i lCL
(b)Rl

(b)~r !YL~V! ~A1!

[(
b

c (b), ~A2!

whereL denotes the angular quantum indices (l ,m), Rl
(b)(r )

is the regular solution of the radial Schro¨dinger equation for
the basis atomb andCL

(b) is the associated variational coe
ficient. It is convenient to introduce quantitiesc (b) defined
by Eq. ~A2! when the momentum matrix element is eva
ated below. The radial solutionsRl

(b)(r ) are chosen to reduc
to spherical Bessel functions in the limiting case of an em
lattice.

We now express the KKR Green function in the emp
lattice limit ~i.e., for free particles with boundary condition
appropriate for a periodic lattice! using the spherical Besse
and Neumann functions~here and frequently elsewhere th
site indicesb are suppressed in the interest of simplicity! as
follows:49,50

G~r ,r 8!5 (
L,L8

$AL,L8
8 j l~kr ! j l 8~kr 8!*

1kdL,L8 j l~kr 8!nl~kr 8!%YL~V!YL8~V8!,

~A3!
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where the solution of the homogeneous equation~i.e., the
first term! is taken explicitly to be of the formD[cc* . For
positive energies, form~A3! is identical to the standard KKR
formulation; however, for negative energies, this form diffe
in a subtle but important manner via the presence of
complex conjugatec* in D. The use of Eqs.~A1! and ~A3!
yields then the KKR variational functional,

LMT52 (
L,L8

CL* @Rl8* j l2Rl* j l8#r 2

3H i l 82 lAL,L8
8 1kdL,L8

nl82
Rl8

Rl
nl

j l8* 2
Rl8

Rl
j l*
J

3r 2@Rl 8
8 j l 8* 2Rl 8 j l 8

8 * #CL8 . ~A4!

Setting

ĈL[r 2@Rl8 j l* 2Rl j l8* #CL , ~A5!

the elements of the secular matrixLL,L8 are identified as the
expression in the curly brackets on right side of Eq.~A4!.
Since LMT satisfies the form of the KKR functional, th
usual steps to obtain the energy bands and wave funct
can be followed. This formulation can be used seamles
over the whole energy range without requiring a separ
consideration of positive and negative energies as is the c
mon practice. Finally, it can be shown that the matrixAL,L8

8

}( j l j l 8
* )21 is related to the standard KKR structure consta

AL,L8 via

AL,L8
8 5AL,L8 , E.0

5~21! l 8AL,L8 , E,0. ~A6!

We consider next the momentum matrix element defin
as the matrix element of the momentum operator betw
one-particle electronic statesCn andCn8 within LSD,

pn8,n5^Cn8~k!upuCn~k!&5
1

NEV
Cn8

* pCndr , ~A7!

where the multiplier 1/N is due to the normalization of the
wave function to unity within the Wigner-Seitz unit cell. De
composing the integral into a part over the various muffin-
sphere volumesV(b) within the central Wigner-Seitz cell~via
use of Bloch’s theorem! and into another part over the re
maining interstitial spaceV8 yields

pn8,n5(
b

E
V(b)

cn8
(b)* pcn

(b)dr1
1

NEV8
Fn8

* pFndr ,

~A8!

wherec (b) and F denote parts of the wave function insid
and outside the muffin tins, respectively. Green’s theor
can be used to cast the second term into the form
7-8
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E
V8

Fn8
* pFndr5N

\2

2m~En82En!
(
a

êaE
S8

~Fn8
* ¹paFn

2paFn¹Fn8
* !•dS, ~A9!

where the surface integral is over the nonoverlapping muf
tin surfaces of the atoms in the basis and much of the n
tion is obvious.êa are the Cartesian unit vectors, i.e.,a
[x,y or z and pa are the corresponding components of t
momentum operator. The surface integral can now be car
out by replacing the wave functionF i by c,

pn8,n5(
b

(
a

êaH E
V(b)

cn8
(b)* pacn

(b)dr

1
\2

2m~En82En!
E

S(b)
~cn8

(b)* ¹pacn
(b)

2pacn
(b)¹cn8

(b)* !•dSJ ~A10!

5(
b

pn8,n
(b) . ~A11!
ill

d

r,

.

v.

,

.G

N.
ys

B

ys

u
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The second equation defines the contribution of various b
atoms to the momentum matrix element in a complex latti

The evaluation of the quantitiespn8,n
(b) can be carried out

much along the lines used for simple lattices51,52by inserting
form ~A1! for the wave functions into Eqs.~A10! and~A11!
as

pn8,n
(b)

5(
a

êa (
L,L8

i l 2 l 821CL8
(b)* CL

(b)Bl ,l 8
(b)GL,L8

a , ~A12!

where the primed indices refer to the final states.Bl ,l 8
(b) is the

radial contribution.GL,L8
a are of the form of Gaunt coeffi-

cients involving integrals of products of three real spheri
harmonics. Due to selection rules,Bl ,l 8

(b) are needed only for
l 85 l 61 and are given by equations slightly modified fro
those of Ref. 52. Our radial wave functionsRl

(b)(r ) relate to
the radial functions Pl(r ) of Ref. 52 via: Rl

(b)(r )
[r 21Pl

(b)(r ). Also, all wave functions related to prime
states in Eqs.~7!–~8! of Ref. 52 must be complex conju
gated. Detailed expressions are obtained straightforward
-
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